Cold fusion (CF) is a mixture of several claims that may or may not be related. Some of them belong to the realm of basic science while others belong to the area of patents. And some seem to be science fiction. From the point of view of history the CF episode, described in several books (1-7) and articles (8,9), is highly unusual. It is a situation in which the validity of research in one particular field has been officially questioned, at least in the US. According to many scientists, the cold fusion claims are in conflict with basic principles of physics and chemistry. That is why most researchers are no longer interested in cold fusion. Surprisingly, however, the field still attracts a large number of investigators with excellent credentials. Once a year they meet at international conferences and publish papers, most often in conference proceedings and over the Internet (10). As a nuclear physicist, and a physics teacher, I examined some of these publications and attended one cold fusion conference (11).
These investigations led to the idea that cold fusion might be occurring at very high pressures inside planets, as described in (13, 14) . The notion that guides Jones, of a large electron screening effect in the D-D fusion reaction for deuterons embedded in metals, has been independently confirmed by other experimental physicists (15) . Can screening be responsible for lowering of the D-D coulomb barrier in a metal? Recent observations of rare neutrons and charged particles, reported by Jones (16) , give credence to such speculations. The rates of observed emission are usually very low but significantly higher than the background; in one experiment the rate of proton emission was 400 times higher than the background.
The particles, identified as 3 MeV protons, were emitted from spots inside thin titanium foils loaded with deuterium. To load hydrogen ions into the foils Jones placed them (for several hours) into a cylinder filled with the deuterium gas at elevated temperature (500 o C) and pressure (40 psi). Emission of nuclear particles was subsequently recorded with scintillation and silicon detectors in the low-noise environment. An aluminum foil of 19 microns helped to identify charged particles as protons. Coincidences between protons and other charged particles (tentatively assumed to be 3 H) were observed with a set of two silicon detectors. Let me add that protons and alpha particles have also been reported by A. Lipson (17) , R. Oriani (18) and A. Karabut (19) . These researchers worked independently of each other; their methods of loading metals with ions, and their methods of particle detection, were very different from those used by Jones. The process of emission of such particles remains to be interpreted. H, respectively, as in well known thermonuclear reactions. The probability of emission of these particles in a metallic environment, however, is much higher than expected. A recent paper, published by a large team of German scientists (15) , does show that the cross section of the D(d,p)t reaction, at very low energies (down to 5 keV), is about one order of magnitude larger in the deuterated Ta than in a gas target. Similar observations were made earlier in Japan (20) . Very recently, a team of researchers from Russian Academy of Science (21) , found a unique way of observing protons (presumably from the same reaction) down to the energy of 0.8 keV. The observed rate of emission, at the lowest energy, turned out to be nine orders of magnitude higher than predicted by an accepted theory. This seems to indicate that the theory which agrees with experimental data above the energy of 10 keV fails to account for what happens to the embedded ions in titanium at much lower energies. But arguments about a model (screening versus other possible explanations) should not be confused with arguments about the validity of experimental data (observing unexpected neutrons and protons).
The Claim of Excess Heat
The claim of excess heat was first made in a famous press conference, on March 23, 1989 . That event, and its consequences, are described in several books about cold fusion (1) (2) (3) (4) (5) . Two scientists, M. Fleischmann and S. Pons, announced that they had been conducting research on highly unusual electrochemical cells for several years. These cells were said to be outputting more thermal energy than received in the form of electric energy. The authors wrote that chemical contributions to excess heat were found to be insignificant. On that basis they tentatively concluded that the origin of excess heat was nuclear. Rejecting this hypothesis the critics pointed out that rates of nuclear reactions accompanying excess heat, if the origin of that heat were nuclear, would be many orders of magnitude higher than what was observed.
The path of M. Fleischmann toward CF research was prompted by a theoretical c o n s i d e r a t i o n . I n a n a r t i c l e p u b l i s h e d i n 2 0 0 0 ( 2 2 ) , h e wr o t e : " Re a l i z a t i o n t h a t mo d e l s o f electrolyte solutions had to be based on the Q. E 
n l y h a d t o h a v e a ' h i d d e n a g e n d a ' , i t h a d t o b e t o t a l l y h i d d e n . T h i s wa s a l l t h e mo r e
necessary because the military applications of any positive outcome of the research were not at all clear. . . . The overall structure of the problem had become reasonably clear by the summer of 1988. We were observing the generation of heat in excess of the enthalpy input to the cells, and far above that commensurate with the generation of t r i t i u m a n d n e u t r o n s p r e d i c t e d b y me a s u r e me n t s o n ' h o t f u s i o n . ' Mo r e o v e r , t h e e x c e s s enthalpy was far beyond that which could be attributed to any parasitic chemical r e a c t i o n s . "
Subsequent work in the area is described in two books (6,7) and in many papers, such as (23, 24) . The authors of these references describe experiments in which excess heat was presumably generated. But they do not always provide enough data to rule out the possibility that a large fraction of excess heat can be due to parasitic chemical reactions, or other non-nuclear processes. Furthermore, according to Shanahan (25) , the excess heat claims are due to calibration errors. It is difficult for me to accept this accusation because similar results have been reported by a large number of highly qualified scientists in several countries. On the other hand, I do not ignore the possibility of experimental bias, mutual self-deception, or even fraud. The best evidence that the excess heat is nuclear would be to show the commensurate accumulation of byproducts of nuclear reactions, such as 4 He. This will be discussed in the next section.
The most recent contribution, in the area of excess heat, belongs to a group of Chinese scientists (26). X. Li, a veteran of cold fusion research, did not use electrochemistry to load palladium with deuterium. The excess heat was generated when compressed gas was allowed to diffuse through a thin palladium wall. According to the authors, that heat could not be explained by the well known Joule-Thomson effect or by chemical r e a c t i o n s . T h e y wr i t e : " t h i s e x p e r i me n t h a s b e e n r e p e a t e d 6 t i me s a l r e a d y i n v a r i o u s c o n f i g u r a t i o n s . T h e ' e x c e s s p o we r ' d e n s i t y i n t h e P d d i s k i s mo r e t h a n 1 0 0 W p e r c ubic centimeter, which is about the power density in a fuel rod of a thermal neutron fission r e a c t o r . " Re p r o d u c i b l e r e s u l t s o n g e n e r a t i o n o f e x c e s s h e a t , i n a g l o w d i s c h a r g e chamber (another non-electrolytic method of loading metals with D+ ions), were also reported by Russian scientists (19) .
Generation of excess heat without producing radioactive material would certainly be desirable. But how can nuclear energy be released without commensurate amounts of radioactivity? According to some theoretical considerations (27) , deuterium ions embedded in crystals might be influenced by a large number of atoms able to supply a n d t o r e mo v e e n e r g y " i n u n i s o n " . T h e o r e t i c a l mo d e l i n g o f n a t u r a l p h e n o me n a , however, and attempts to validate these phenomena experimentally, are two different things. Arguments for or against models do not resolve disputes about validity of experimental data.
The Alchemy Claim
Attempts to change one chemical element into another are usually referred to as alchemy. Such transformations are believed to be impossible unless nuclear reactions are involved. A nuclear fusion of two deuterons ( He (releasing about 3 MeV of energy) are roughly 0.5 each. How can this difference be explained? That is one of the many unanswered theoretical questions. At present, however, the main issue is experimental rather than theoretical.
Is the accumulation of 4 He, at the rate of about one atom per 24 MeV of excess heat, real or apparent? It is natural to suspect that helium comes from the surrounding air and not from a totally unexpected nuclear reaction. The authors of the above mentioned reports, however, addressed this issue and ruled out the possibility of atmospheric contamination. If confirmed, such findings could become very significant. They would indicate that 4 He i s t h e ma i n " a s h " o f t h e mysterious CF burning, at least in some cases. A connection between the excess heat and alchemy would be established. Observation of alpha particles emitted from metallic foils loaded with deuterium, reported by two Russian teams (16, 19) , might also be linked with the accumulation of helium. It is significant, however, that the reported rates of alpha particle emission are not commensurate with the rate of generation of excess heat.
Production of elements heavier that helium, first reported and then withdrawn by Bockris, was later heralded by some investigators (6, 19, 32) . Results from a very extensive study are summarized in (33) . The most recent report in this disputed area was presented by Iwamura, from Advanced Technology Research Center, Mitsubishi Heavy Industries, Ltd., in Japan. Addressing the 10th international CF conference (August 2003) Iwamura described a fascinating setup (34) in which cesium was turned into praseodymium and strontium was turned into molybdenum. The paper describing these experiments (35) had already been published in the prestigious Japanese Journal o f A p p l i e d P h y s i c s ( J J A P ) . Wa s I t h e o n l y o n e wh o s e f i r s t r e a c t i o n , d u r i n g I wa mu r a ' s conference presentation, was to think about pseudo-scientists? Imagine a 0.1 mm membrane, mostly Pd, forming a window of a container filled with deuterium. The gas diffuses slowly through the membrane and enters a vacuum chamber (from which it is constantly removed by a pump). On the deuterium side the membrane is covered, either electrolytically or by the ion injection method, with a material to be transformed. Using highly sophisticated analytical tools the researchers were able to show that the amount of deposited material, such as purified Cs or Sr, decreases, while the amount of new material, such as Pr and Mo, increases at the same rate. Comparing this situation with a typical nuclear reaction setup (a target and a b e a m f r o m a n a c c e l e r a t o r ) t h e a u t h o r s wr i t e : " A n a l y s i s o f t h e d e p t h p r o f i l e o f P r indicated that a very thin surface region up to 100 angstroms was the active transmutation zone. Many experimental results showed that the quantity of Pr was proportional to the deuterium flux through the Pd complex. The cross section of transmutation of Cs into Pr can be roughly estimated at 1 barn if we consider the deuterium flux as an ultra-low-e n e r g y d e u t e r o n b e a m. "
The view of the membrane in Figure 1 (of their paper), shows that it is essentially a 0.1 mm Pd foil coated with several alternating thin layers of CaO and Pd. The first layer encoutered by deuterium, as it enters the membrane, consists of Pd; it is 400 A thin. Pure Cs or Sr were deposited on that layer. As indicated in another figure, it took nearly 100 hours to turn all atoms of Cs (about 1.3*10 15 ) into atoms of Pr; transformation of an equal amount of Sr into Mo took about 300 hours. The Cs --> Pr experiment was performed two times while the Sr --> Mo experiment was performed three times; the results were shown to be reasonably reproducible. I find it highly significant that the isotopic composition of Mo, produced from Sr, is drastically different from that found in nature. This seems to rule out the possibility of contamination (redistribution of impurities). On the other hand, I recognize the exotic nature of the suggested mechanism (see below) and the small amount of products (fractions of microgram).
Low energy transmutations in condensed matter, reported by Iwamura, have recently been repeated by scientists from Osaka University (36). Here is a quote from their brief d e s c r i p t i o n : " A sa result, we confirmed that the nuclear transmutation reaction, from I am puzzled by some aspects of the suggested model. For example, I do not u n d e r s t a n d t h e n a t u r e o f t h e " mu l t i b o d y r e s o n a n c e " p r o c ess by which eight deuterons fuse to form a highly excited (109.8 MeV) oxygen nucleus. If the 141 Pr* nuclei are excited, as indicated by the asterisk, then characteristic gamma rays would be emitted. But why should this influence my attitude toward experimental data? It is interesting that radioactive byproducts (of presumed nuclear reactions) are not mentioned in (33) or in (34). Most radioactive byproducts would be much easier to identify, in small quantities, than their stable counterparts. Confirmed absence of radioactive byproducts would indicate that nuclear reactions in condensed matter (presumably responsible for exotic transmutations), are totally different from common nuclear reactions. This has already been suggested by those who investigated generation of helium.
Final Comments
Cold fusion is not taken seriously by most scientists. But, according to my own informal survey, the opinion of many is still based on what was known in 1989 and not on recent publications. I think that the often repeated l a b e l s , s u c h a s " p s e u d o s c i e n c e " a n d " f i a s c o o f t h e c e n t u r y " we r e j u s t i f i a b l e i n 1 9 8 9 , wh e n t h e E RA B r e p o r t wa s p u b l i s h e d . T h e ERAB, Energy Research Advisory Board (37), was a team of American experts appointed to evaluate the CF claims. But are such labels justifiable today? Most of us are not equipped to answer this question through laboratory investigations. That is why another official evaluation, for example, by teams of experts appointed by the US National Academy of Sciences, is desirable. Each of the three claims should be investigated independently; finding that something is wrong with one does not necessairely mean the other two claims are not valid.
Are the credentials of CF scientists doubtful or not? Are their ways of validation consistent with scientific methodologies? Is there any evidence of deliberate deception? Answers to such questions should help us decide what to think about the controversial field, and what to tell students when they ask questions about it. For the time being I tell them that cold fusion is nothing more, and nothing less, than an area of investigation that has to be explored because a large number of competent scientists are working in it. The degree of support, as in any other area of basic research, should depend on results at hand, on available means, and on the rate of progress. I also tell students that claims conflicting with what is known about natural phenomena should not be accepted without extraordinary evidence. Let me end this essay by quoting from an e-mail message received from a recognized authority in the area of nuclear chemistry.
" T h e wh o l e a t mo s p h e r e a r o u n d CF h a s b e e n f i l l e d wi t h p o i s o n o u s ma t e r i a l , s o me v a l i d and some emotional. One must be very careful, on entry into such an atmosphere, to be protected by a useful theoretical proposal or at least a plausible explanation that can be subjected to experimental tests. On the basic level there are two obvious questions:(1) How could hydrogen atoms fuse at such a low temperature? (2) If they do fuse, how is the energy released (if not in gamma rays, then how) i.e. what reaction occurred? If one has no proposed answer or proposed experiment to get an answer, then one is in a state of massive weakness. . . . I infer that the major skepticism in the mainstream nuclear science community stems from the silence on the basic two questions above. . . . Such skepticism seems to me to be justified until something reasonable is proposed or, better yet, demonstrated. Until then, essentially all r e s p o n s e s wi l l b e ' i mp u r i t i e s o r e r r o r s ' . "
Yes, these two theoretical questions are very important. But, as indicated above, arguments about models should not be confused with arguments about the validity of experimental data. No theoretical model existed when excess heat from radium was discovered by Pierre Curie. On the other hand, experimental findings conflicting with confirmed theories, as in the case of cold fusion, should be scutinized very carefully before being accepted. That is why many of us would benefit from another formal investigation of the main CF claims by experts.
